Gall-inducing insects produce various types of galls on plants, but little is known about the gall-induction mechanism of these galling insects. The gall wasp Leptocybe invasa with different susceptibility to galling throughout the larval developmental stages. Nitrogen, total phenolics, tannins and four kinds of phytohormones strongly accumulated in tissues galled by L. invasa (especially during early larval feeding stages). While N, Z + ZR and GA levels were higher, tannins and ABA levels were lower in the galled tissues on the highly susceptible variety. Nitrogen, total phenolics, GA, Z + ZR and IAA levels in the galled tissues gradually decreased during gall development, but ABA and tannins conversely increased in the galled tissues of the less susceptible variety. Our results suggest that the effects of gall-inducing insects on plants depend not only on the susceptibility of the plant infested but also on the developmental stage of galled tissues. Gall formation process is thus synergistically influenced by both gall-inducing insect and plant genotypes.
Introduction
Gall-inducers are found in many insect and acarine families, and display great diversity in their host plants and gall morphology (Price 2005 , Espírito-Santo and Fernandes 2007 , Oliveira et al. 2016 . This diversity makes it difficult to recognize general gallinducing mechanisms that act across these taxa. Several hypotheses have been proposed to explain the adaptive nature of gall induction (Price and Pschorn-Walcher 1988 , Hartley and Lawton 1992 , Stone and Schönrogge 2003 , one of which, the nutrition hypothesis, states that galls may act as nutritional sinks because they contain high amount of nutrients and/or low concentrations of defensive chemicals (Hartley and Lawton 1992) . However, tests of this hypothesis have produced ambiguous results (Hartley and Lawton 1992 , Yang et al. 2003 , Rostás et al. 2013 , Dardeau et al. 2014 , Huang et al. 2014 . Some secondary compounds such as phenols are usually higher in galled tissues than normal plant tissues (Abrahamson et al. 1991 , Tooker et al. 2008 . However, it is still not clear that increasing concentrations of these secondary chemicals in galls is attributed to plant defense responses or to manipulation by galling insects (Nyman and Julkunen-Tiitto 2000 , Rostás et al. 2013 , Bedetti et al. 2014 , Oates et al. 2015 .
Phytohormones such as auxins and cytokinins (CK) have long been suggested to play pivotal roles in plant-gall insect interactions (Erb et al. 2012, Tooker and Helms 2014) . Gallinducers may use phytohormones to counteract immune responses and manipulate nutrient resources of galled tissues (Erb et al. 2012, Tooker and Helms 2014) . Gibberellins (GA) and abscisic acid (ABA) have also been found to play an important role in gall formation (Robert-Seilaniantz et al. 2011 , Tooker and De Moraes 2011 , Tokuda et al. 2013 . High levels of indole-3-acetic acid (IAA) and CK have been also found in the bodies of some gall-inducing insects (Tooker and De Moraes 2011 , Yamaguchi et al. 2012 , Tooker and Helms 2014 . Some gall-inducers have been reported to be able to synthesize phytohormones de novo (Miles 1999, Tooker and De Moraes 2011) . However, the exact involvement of these phytohormones in gall formation is still unclear. It has been argued by some researchers that the effect of the small amounts of phytohormones produced by gall-inducing insects is likely to be weak given the relatively high natural concentrations of such compounds in plants (Miles 1999) .
Gall growth is closely associated with changes in the levels of chemicals such as sugars, proteins, phenols and phytohormones (Yamaguchi et al. 2012 , Tanaka et al. 2013 , Tooker and Helms 2014 , Wang et al. 2016 . Many studies have found that the concentrations of some chemicals and phytohormones in galls are highly dependent on gall developmental stage (De Bruyn et al. 1998 , Yamaguchi et al. 2012 , Tanaka et al. 2013 , Wang et al. 2016 ) and plant genotype (Hartley 1998 , Ollerstam and Larsson 2003 , Tokuda et al. 2013 . Length, breadth and height of the galls induced by Trioza jambolanae (Hemiptera:Triozidae) showed a gradual but proportional increment over time, with peak gall growth when the insect was in the first and second instars (Raman 1991) . Even in an individual gall, the distribution of chemicals and phytohormones may differ De Moraes 2009, 2011) as gall inducers usually alter the nutritive state of plant tissues surrounding the feeding larvae Isaias 2015, Oliveira et al. 2016) . To understand how an insect induces a gall on its host, it is important to compare changes in the plant's responses over the course of the infestation. Such comparisons of spatial and temporal variations of plant responses, among several species or varieties, to a particular gall inducer may help to clarify gall formation mechanisms (Tooker and Helms 2014) , but few such studies have been done so far (Oates et al. 2015 , Subramanyam et al. 2015 .
Leptocybe invasa Fisher & LaSalle (Hymenoptera: Eulophidae) is a gall inducer on Eucalyptus species (Mendel et al. 2004 ). This insect originated in Australia and has spread to Africa, the Mediterranean Basin, South East Asia, Europe and South America (Mendel et al. 2004 , Nyeko et al. 2009 , Thu et al. 2009 , Kumari 2010 , quickly becoming one of the most damaging pests of Eucalyptus worldwide. Leptocybe invasa can easily attack the young shoots of seedlings and shoots of coppiced trees of Eucalyptus, and induces galls on leaves, petioles and midribs of susceptible varieties, resulting in stunted growth, die-back and death of host plants (Mendel et al. 2004) . Eucalyptus species and hybrid clones show various susceptibility to L. invasa (Thu et al. 2009 , Dittrich-Schröder et al. 2012 . Until now, the biology and physiology of this pest have been poorly understood (Zheng et al. 2014 , Jacob et al. 2015 , Oates et al. 2015 .
In the present study, we chose two horticultural Eucalyptus varieties (DH201-2 [Eucalyptus grandis × Eucalyptus camaldulensis] and EA [Eucalyptus exserta]) with different susceptibility to galling to compare their physiological responses to L. invasa infestation. We compared the levels of nitrogen (N), carbon (C), total phenolics and total tannins, and four phytohormones (zeatin [Z] + zeatin riboside [ZR] , GA, IAA and ABA) in galled and ungalled leaf tissues of the two varieties. Previous studies have suggested that oviposition or early larval feeding stages are crucial for gall formation and the stimulation of plant responses (Stone and Schönrogge 2003, Oliveira et al. 2016) . With this in mind, we monitored the dynamics of these chemicals and phytohormones in galled and ungalled leaf tissues throughout the larval feeding period of the gall wasp. The major objectives of this study were to determine (1) how L. invasa infestation affects spatial and temporal variation of these chemicals and phytohormones in galled leaf tissues and (2) how these responses vary between plant varieties with different susceptibility to gall induction. We predicted that the levels of chemicals and phytohormones in galled leaf tissues would be greatly altered by L. invasa infestation, and those alterations would be strongly dependent on plant variety and developmental period. Studies like ours, focusing on temporal and spatial dynamics of chemicals and phytohormones rather than local concentrations may help to better elucidate the underlying mechanisms for gall formation and plant responses to gall inducer infestation.
Materials and methods

Plant varieties and insects
We chose a highly susceptible variety DH201-2 (E. grandis × E. camaldulensis) and a less susceptible variety EA (E. exserta) for our experiments. In China, DH201-2 is one of the varieties most susceptible to L. invasa (Tang et al. 2008 , Zhu et al. 2012 . Although L. invasa can form galls on both DH201-2 and EA, the gall number and volume per plant and the number of larvae per gall on DH201-2 are higher than on EA (Zhu et al. 2012) .
Gall development of L. invasa can be broken into five stages, each accompanied by distinct morphological alterations (Mendel et al. 2004 and late instar larvae, respectively. During Stages IV and V, gall wasps may be present as pupae or pharate adults (Mendel et al. 2004 ).
Experimental design and plant inoculation with insects
This study took place at the College of Forestry, Guangxi University in Nanning, Guangxi, China in 2015. Groups of 2-month-old rooted stems of varieties DH201-2 and EA were chosen, with all plants being of similar size and each group originating from one clone. Plants were transferred individually into pots (25 cm diameter) filled with peat substrate (containing peat and vermiculite, 2:1) in March of 2015. Each pot was randomly arranged in a common garden on college land. Each plant was enclosed with a nylon mesh cage (150 h × 28 dia cm).
To inoculate plants with L. invasa, branches of E. camaldulensis that were heavily infested by L. invasa were collected from non-experimental trees located in Congzuo, Nanning. After carefully removing other herbivores, two infested branches of 1-m in length containing~30 galls were placed in each of the 80 nylon test cages (40 for each variety) in pots filled with water to prevent dehydration. Infested branches were replaced weekly until initial gall formation was observed on the experimental trees.
Sample collection
Two months after insect inoculation, to investigate the dynamics of chemicals and phytohormones in galled tissues during the larval feeding stage (Stage I [pre-larvae], Stage II [first instar larvae], and Stage III [late instar larvae]), whole galled leaf tissues including petioles were sampled from shoots of DH201-2 and EA every 2 weeks, and those at similar developmental stages (Stage I, Stage II and Stage III, respectively) were selected based on their morphological characteristics ( Figure 1 ). Corresponding ungalled healthy leaf tissues were collected at the same time from similar positions with galled leaf tissues on shoots. Ten randomly selected galled or ungalled leaves per plant were pooled to form one biological replicate. All samples were immediately placed in a cooler with ice until sampling was finished. Galls were dissected in the laboratory to separate larvae from plant tissues. Dissected galled leaves and ungalled leaves were stored at −40°C for further chemical analyses.
Chemical analyses
To prepare samples for chemical analysis, samples were dried at 40°C for 7 days, and then ground into a fine powder with a CT 193 Cyclotec™ Sample Mill. Powdered samples were analyzed for total N and C, total phenolics and total tannins. These measurements were based on five biological replicates per genotype. The concentrations of total C and N were determined by an elemental auto-analyzer (Elementar, Germany), from which the C/N ratio was then calculated. The contents of total phenolics and total tannins were determined calorimetrically by FolinCiocalteu procedure (Makkar 2003) , using tannic acid as a standard. Briefly, 0.1 g of plant material was extracted with 5 ml 70% aqueous acetone solution by sonication for 30 min in an ultrasonic bath at ambient temperature. The extracts were filtered and centrifuged at 4000 rpm for 10 min. A 0.1 ml of sample extract was combined with 0.4 ml of distilled water and 0.25 ml of Folin-Ciocalteu reagent in a 5 ml Eppendorf tube, to which 1.25 ml of Na 2 CO 3 was added. Test tubes were vortexed thoroughly, and absorbance was recorded at wavelength 725 nm against a blank after 40 min. The amount of total phenolics was calculated as a tannic acid equivalent from the calibration curve of tannic acid standard solutions and expressed on a dry matter basis (%). After removal of tannins by their adsorption on insoluble matrix (polyvinylpolypyrrolidone, PVPP), the content of non-tannic phenolics was determined by FolinCiocalteu procedure as above. Calculated values were subtracted from total phenolic contents and total tannin contents expressed on a dry matter basis (%).
Phytohormone extraction and qualification
The concentrations of Z + ZR, GA, IAA and ABA were assayed in an enzyme-linked immunosorbent assay (ELISA) as described by Cui et al. (2012) and Wang et al. (2016) . Briefly,~0.5 g of fresh sample was ground to a fine powder in liquid nitrogen, and then extracted with 5 ml of ice-cold 80% methanol (V.V −1 ) containing 1 mM of butylated hydroxytoluene as an antioxidant. After incubation at 4°C for 4 h, the extracts were centrifuged at 3500 rpm at 4°C for 8 min, after which the supernatants were passed through Chromosep C18 columns (Waters Crop., Millford, MA, USA). The efflux was collected and dried in N 2 to remove the methanol. The residues were then re-dissolved in 2 ml of PBS containing 0.1% Tween 20 and 0.1% gelatin for analysis by ELISA. ELISA kits were purchased from China Agricultural University (Beijing, China). ELISA was implemented in 96-well microtiter plates. Each well was coated with 100 μl coating buffer containing 0.25 μg.ml −1 antigens against the phytohormones and incubated at 37°C for 3 h, and then washed five times using PBS + 0.1% Tween 20. Fifty microliter of samples or phytohormone standards were mixed with antibodies (50 μl at 20 μg.ml −1 ) in the antigen-coated plates and incubated at 37°C for 30 min. The plates were washed, and 100 μl IgGhorseradish peroxidase substrate (1.25 μg.ml −1 ) was added to each well. After incubating at 37°C for 30 min, the plate was rinsed five times with the same PBS + Tween 20 buffer used above, followed by the addition of 100 μl color-appearing solution to each well. The reaction was stopped by 50 μl of 2 M H 2 SO 4 . Absorbance was measured at 490 nm by an ELISA Reader (model EL310, Bio-TEK, Winooski, VT, USA). All measurements were made with five biological replicates and three technical replicates per genotype. Phytohormone contents were calculated from the respective standard curves according to the method described by Weiler et al. (1981) . The level of each phytohormone, for each biological replicate, was calculated by reference to the mean of the three technical replicates and expressed as ng.g −1 of plant material (fresh weight).
Statistical analyses
We used three-factor repeated-measures analysis of variance (ANOVA) with plant variety (DH201-2 or EA) as an independent variable between subjects, and with tissue type (galled or ungalled leaf tissue) and gall developmental stage (I, II or III) as independent variables within subjects, to assess their influences on the concentrations of C and N, C /N ratio, total phenolics and total tannins. Another three-factor repeated measures ANOVA was used with plant variety as an independent variable between subjects and tissue type and gall developmental stage as independent variables within subjects, to assess their influences on the concentrations of Z + ZR, GA, IAA and ABA. Mauchly's test was used to determine whether sphericity could be assumed. Differences were considered statistically significant at P ≤ 0.05. Results are presented as means ± SE (standard error). All statistical analyses were performed using the SPSS statistical software package (SPSS for Windows, 22.0, SPSS Inc., Chicago, IL, USA) (SPSS Inc. 2013).
Figures were generated with Sigmaplot Version 10.0.
Results
Nutrients in galled and ungalled tissues during the larval feeding stage
Nitrogen content significantly varied with plant variety × developmental stage (F 2, 16 = 9.805, P = 0.002) and tissue type × developmental stage (F 2, 16 = 4.363, P = 0.031) ( Figure 2A ). Carbon content significantly varied with plant variety × tissue type (F 1, 8 = 24.286, P = 0.001) (Table 1) , and its concentrations in EA galled tissues were higher than in non-infested leaves, while no difference was detected between galled and ungalled leaves of DH201-2 ( Figure 2B ). Moreover, carbon content did not significantly change during gall development (F 2, 16 = 0.093, P = 0.911) ( Table 1) . C/N ratio was significantly affected by tissue type (F 1, 8 = 48.505, P < 0.001) and developmental stage × plant variety (F 2, 16 = 10.014, P = 0.002) ( Table 1 ). The C/N ratio in galled tissues (29.173 ± 0.833) was lower than in ungalled tissues (35.780 ± 0.434). While the C/N ratio in ungalled tissues did not change among the three stages, the C/N ratio in galled tissues showed different dynamic patterns between varieties: C/N ratio in DH201-2 did not change from Stage I to Stage III; but the C/N ratio in EA gradually decreased throughout larval development ( Figure 2C ).
Total phenolics and total tannins in galled and ungalled tissues during the larval feeding stage
The concentration of total phenolics was significantly dependent on tissue type (F 1, 8 = 101.845, P < 0.001), developmental stage (F 2, 16 = 31.804, P < 0.001), and their interactions (F 2, 16 = 10.193, P = 0.001) ( Table 1) . Total phenolics in ungalled leaves did not change throughout larval development, but their concentration in galled tissues gradually decreased during larval development ( Figure 3A) . However, the concentration of total phenolics was not significantly affected by plant variety (F 1, 8 = 2.680, P = 0.140) ( Table 1) .
Tannin concentration was significantly affected by developmental stage × plant variety × tissue type (F 2, 16 = 7.254, P = 0.006) ( Table 1) . Tannin levels in ungalled tissues remained steady throughout larval development, but its concentration in galled tissues showed different dynamics between the two varieties, gradually decreasing in DH201-2 galled tissues but increasing in EA galled tissues with development ( Figure 3B ). F 2, 16 = 6.759, P = 0.007; GA: F 2, 16 = 10.828, P = 0.001). The levels of Z + ZR and GA in galled tissues were always higher than in ungalled tissues throughout larval developmental stages except for EA galled tissues at Stage III ( Figure 4A and B) . Z + ZR and GA in ungalled tissues did not change across the three developmental stages, but their dynamics in galled tissues differed between plant varieties (Figure 4) . Specifically, levels of Z + ZR and GA remained high in galled tissues on DH201-2 during Stages I and II, then greatly decreased from Stage II to III. Meanwhile, in galled tissues on EA, Z + ZR reached its highest level at Stage II, and then greatly decreased at Stage III ( Figure 4A) ; GA did not significantly change during larval development ( Figure 4B ).
Phytohormones in galled and ungalled tissues during the larval feeding stage
IAA and ABA were also significantly affected by developmental stage × tissue type × plant variety (IAA: F 2, 16 = 3.759, P = 0.046; ABA: F 2, 16 = 4.210, P = 0.034) ( Table 2) . IAA in ungalled tissues remained relatively low throughout development, but its dynamic in galled tissues differed between two plant varieties: IAA slightly increased during Stage I and Stage II, and then greatly decreased during Stage II and Stage III in the galled tissues of EA; but it gradually decreased in the galled tissues of DH201-2 during gall development ( Figure 4C ). The level of IAA in galled tissues was always higher than that in ungalled tissues despite the low amount at Stage III ( Figure 4C ). The content of ABA did not change in the ungalled tissues of A B C D either variety as well as in galled tissues on DH201-2 during larval development, but it did gradually increase in galled tissues on EA ( Figure 4D ). ABA concentrations in galled tissues was higher than ungalled tissues when galls developed to Stage II and Stage III ( Figure 4D ).
Discussion
As observed in previous studies (Yamaguchi et al. 2012 , Huang et al. 2014 , Oates et al. 2015 , plant responses to a particular gall inducer not only depend on the physiological status of host plants but also on the developmental state of the galls. In the present study, we found that N, total phenolics, tannins, and four kinds of phytohormones (Z + ZR, GA, IAA and ABA) were accumulated strongly in galled tissues by L. invasa (especially during Stages I and Stage II). The amounts of N, Z + ZR and GA were higher but tannins and ABA was lower in the galled tissues on the highly susceptible variety compared to in the less susceptible one. In addition, the N, total phenolics, GA, Z + ZR and IAA levels in galled tissues gradually decreased during their development, but ABA and tannins conversely increased over time in galled tissues on the less susceptible host plant. The dynamics of these chemicals and phytohormones in the galled tissues might potentially influence gall induction and the development of L. invasa, and contribute to the varying susceptibility of Eucalyptus forms to L. invasa. Nitrogen is critical for the growth, development, and reproduction of herbivores (Mattson 1980, Awmack and Leather 2002) . Higher N and a lower C/N ratio largely increase the feeding and/or fertility of herbivores (Meunier et al. 2016) . Compared with plants, nitrogen is usually a more limiting element for insects because of their higher N requirements but lower N use efficiency (Mattson 1980, Awmack and Leather 2002) . Some species of leaf miners, gall makers and sucking insects have evolved specific abilities to regulate plant chemistry to counter N shortages on their host plants (Mattson 1980, Awmack and Leather 2002) . We found that galled tissues induced by L. invasa contained more N and/or had a lower C/N ratio than un-infested leaf tissues when galls developed to Stage II or III, suggesting that galls may act as nutrient sinks and benefit the growth and development of the larvae, as stated by the nutrition hypothesis (Hartley and Lawton 1992) . The galled tissues on the highly susceptible host variety DH201-2 contained higher N content and a lower C/N ratio than that on the less susceptible plant, suggesting DH201-2 was a higher-quality host for L. invasa larvae. Contrarily, galled tissues induced by some insects have been found to have less N and a higher C/N ratio compared to ungalled tissues (Formiga et al. 2013 , Huang et al. 2014 . Meanwhile, the tephritid fly Urophora cardui (Linnaeus) (Diptera: Tephritidae) can manipulate N levels in its galls to an optimal level for their own benefit (Gange and Nice 1997) . From the insect's point of view, qualitative variations in N may be even more important than quantitative variation because herbivores mainly require organic-N (specific proteins, vitamins and/or amino acids) for their growth and development (Clancy 1992 , Hartley and Lawton 1992 , Koyama et al. 2004 , Huang et al. 2014 . Some plant Nbased secondary compounds such as alkaloids, cyanogenic glycosides and non-protein amino acids can also influence N availability through their effects on the herbivore's nutritional physiology (Mattson 1980) . Galled tissues have been observed to contain higher (Abrahamson et al. 1991 , Bedetti et al. 2014 or lower phenolic compounds (Cornell 1983 , Hartley 1998 ) than ungalled tissues, but the roles of phenolics in gall induction are still not well understood. In this study, the concentrations of total phenolics in the galled tissues was higher than ungalled tissues during Stage I and Stage II, but gradually decreased to a similar level with ungalled tissues when larvae developed to Stage III, we speculate that phenolic compounds may be extremely important for the development of L. invasa larvae during their early developmental stages. Some researchers speculate that gall inducers might be able to derive some benefit from higher levels of phenolics in galls (Abrahamson et al. 1991 , Bedetti et al. 2014 ). Hartley and Lawton (1992) suggested that plants may accumulate large quantities of phenolic compounds to counteract attack by invading organisms. As phenolic compounds can promote the growth and cell division of plants, higher phenolics in the outer layers of galls can protect insects from attack by natural enemies (Hartley 1999) .
Tannins in particular, as a group of phenolics, are considered to be potent anti-herbivore chemicals in many plants (Constabel et al. 2014) . Tannin concentrations vary greatly in leaves among different Eucalyptus species (Moore et al. 2004) . We found that tannins were higher in galled tissues of L. invasa than ungalled tissues during Stage I and Stage II. Galled tissues induced by cynipid wasps (Nyman and Julkunen-Tiitto 2000, Motta et al. 2005) , sawflies (Hartley 1998, Nyman and Julkunen-Tiitto 2000) , trips (Ananthakrishnan and Gopichandran 1993) , and cecidomyiid midges (De Bruyn et al. 1998 ) have also been found to contain higher condensed tannins than normal plant tissues. Interestingly, we found that tannins gradually decreased in galled tissues of highly susceptible variety, but conversely increased in galled tissues of the less susceptible one. Tannins are probably involved in plant defenses against L. invasa infestation and feeding. However, Nyman and Julkunen-Tiitto (2000) found that reduction in the concentrations of phenolics in sawfly gall interiors to be accompanied by an increase in the levels of condensed tannins. Elevated CK levels can also contribute to tannins accumulation (Connor et al. 2012) . Therefore, L. invasa larvae may be able to gain some benefits from high concentration of tannins, such as suggested by Nyman and Julkunen-Tiitto (2000) that tannins concentrated in the outer layers of cynipid galls can protect the gall from parasite and pathogen attack.
In this study, the levels of IAA were 1.6-2.5 times higher in galled tissues than in ungalled tissues throughout larval developmental period, and their levels were especially high during Stage I and Stage II, consistent with the considerable gall growth at those stages, indicating that these phytohormones are implicated in the process of gall induction. Previous studies have found growthrelated phytohormones like auxin and CK to be closely associated with gall formation induced by insects (Erb et al. 2012, Tooker and Helms 2014) . Insects may use these phytohormones to counteract plant immune responses and manipulate the nutrient resources of galled tissues (Shorthouse et al. 2005 , Erb et al. 2012 , Tooker and Helms 2014 . Similarly, galls induced by a gall midge Rhopalomyia yomogicola (Diptera: Cecidomyiidae) contained twice the IAA of ungalled tissues (Tanaka et al. 2013) , while IAA in galls made by the aphid Tetraneura nigriabdominalis (Sasaki) (Homoptera: Pemphigidae) gradually decreased after gall formation started (Takei et al. 2015) . Elsewhere, galls contained lower IAA than control tissues for some other gall-inducing species (Straka et al. 2010 , Yamaguchi et al. 2012 . IAA concentration in the galled tissues of L. invasa were~5-10 times greater than those gall-inducers mentioned above. IAA concentration in the galled tissues of L. invasa were~5-10 times greater than those gall-inducers mentioned above. We found that the level of Z + ZR in L. invasa galled tissues remained relatively high from gall initiation to the later stages, suggesting it might be needed for gall maintenance in the later stages. Galls induced by the fluid-feeding aphid Schlechtendalia chinensis (Bell) (Homoptera: Pemphigidae) and R. yomogicola contained more CK than ungalled tissues (Tanaka et al. 2013 , Wang et al. 2016 . However, galls made by the aphid Pachypsylla celtidis-mamma (Homoptera: Psyllidae) contained approximately six times less CK than control tissues (Straka et al. 2010) . The levels of these phytohormones in galled tissues thus vary greatly among insect taxa (Straka et al. 2010 , Yamaguchi et al. 2012 , Tanaka et al. 2013 ) and gall developmental stages (Yamaguchi et al. 2012 , Tooker and Helms 2014 , Takei et al. 2015 .
We found that ABA gradually increased with gall development, but was~2.9 times higher in the galled tissues of the less susceptible variety than in the highly susceptible variety. A few studies have suggested that ABA concentration in plants may potentially influence gall formation De Moraes 2011, Tokuda et al. 2013) . ABA was found to be higher in the galls made by Lipara lucens (Meigen) (Diptera, Chloropidae), Dryocosmus kuriphilus (Hymenoptera: Cynipidae), and S. chinensis (Wood and Payne 1988 , De Bruyn et al. 1998 , Wang et al. 2016 ). In our study, galled tissues of L. invasa also contained higher ABA levels than ungalled tissues during larval feeding stages. High levels of ABA in galls might help gall inducers retain water and prevent the soft-bodied gall larvae from drying out (Tooker and De Moraes 2011) . However, ABA may also be involved in initiating the defense responses of host plants, and acts as an antagonist to GA and Z + ZR De Moraes 2011, Erb et al. 2012) . With the leafhopper Cicadulina bipunctata (Melichar) (Hemiptera: Cicadellidae) attack, ABA levels werẽ 10-30 times higher in galled plants of a susceptible maize variety than in untouched plants; while ABA levels did not vary in a resistant maize variety (Tokuda et al. 2013) . Oates et al. (2015) found that genes related to ABA showed differential expression between susceptible and resistant Eucalyptus varieties after infestation by L. invasa. High levels of ABA in galled tissues seems to be a stress response of Eucalyptus against L. invasa, and a decrease in the levels of IAA and GA in galled tissues may be a way to induce ABA synthesis genes to influence ABA levels indirectly (Robert-Seilaniantz et al. 2011 ).
Our results demonstrate that chemical and phytohormone responses in two Eucalyptus varieties to L. invasa infestation differed greatly, depending not only on the susceptibility of the plant infested but also on gall developmental stage. These multiple chemicals and phytohormones might interact with each other and affect the gall formation process and the development of L. invasa synergistically. As the larva of L. invasa is too small to survive on artificial diets, it is difficult to determine whether or not these changes are controlled by L. invasa larvae. Further studies using labeling experiments or molecular tools are thus required to clarify whether altered chemical and phytohormone levels are a cause or consequence of gall-insect infection. Our study provides additional insights into the process of gall formation by L. invasa in Eucalyptus forms, and may lead to a better understanding of the biology and physiology of other gall-inducing taxa.
